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Executive  Summary: 

This  4.5-year  research  project  has  applied  experimental  measurements  and  theoretical 
calculations  to  characterize  the  radiation  response  of  carbon-inclusive  materials  systems  (esp. 
graphene  and  carbon  nanotubes)  relevant  to  potential  emerging  technologies  for  electronic 
devices.  Experiential  radiation  testing  has  included  exposure  to  10  keV  X-rays,  4  MeV  protons, 
heavy  ions,  and  Ultra-Violet  (UV)  light.  Test  structures  have  included  graphene  on  silicon 
dioxide,  graphene  on  silicon  nitride,  graphene  on  boron  nitride,  suspended  graphene,  carbon 
nano  tubes  (CNTs)  on  silicon  dioxide,  and  2D  molybdenum  disulfide  for  comparison. 
Embodiments  included  simple  layered  structures  for  materials  characterization,  and  carbon 
nanotube  diodes,  FET,  and  PZT-memory  test  device  structures  for  electrical  measurements.  Pre- 
and  post-irradiation  characterization  has  included  Rutherford  backscattering  (RBS) 
measurements,  TEMs,  and  electrical  measurements.  Density  functional  theoretical  (DFT)  and 
Kinetic  Monte  Carlo  (KMC)  calculations  have  been  applied  to  understand  the  observed  effects. 

The  program  has  produced  one  Masters  degree  graduate,  2  Ph.D.  graduates  (one  that 
continued  for  a  follow  on  year  as  a  post  doc),  and  partially  supported  1  additional  Ph.D.  student, 
1  additional  post  doc,  and  multiple  university  faculty  at  two  institutions.  The  program  resulted  in 
38  publications  and  31  conference  presentations,  and  initiated  relationship  that  resulted  in 
multiple  SBIR  projects  and  other  proposals  and  projects  under  the  DTRA  C-WMD  basic 
research  program.  Overall,  findings  indicated  that  the  very  small  volumes  associated  with  the  2D 
materials  such  as  graphene  and  CNTs  result  in  minimal  interaction  of  radiation  with  the  2D 
materials.  The  process  integration  and  surrounding  materials  dominate  the  nominal  electrical 
response  as  well  as  the  radiation  response.  Specific  scientific  findings  include: 

•  The  radiation  responses  of  devices  that  include  a  2D  active  layer  of  graphene  are  dominated 
by  the  response  of  the  thicker  adjacent  materials  and  substrate. 

•  Suspended  graphene  proved  very  resistance  to  x-ray  and  high-dose  proton  exposure. 

•  UV  and  X-ray  exposure  of  graphene  in  the  presence  of  oxygen  results  in  ozone-enhanced 
defects  fonnation  and  etching. 

•  Constant-voltage  stress  and  10-keV  x-ray  irradiation  responses  of  encapsulated  graphene-hBN 
devices  both  induce  only  modest  shifts  in  the  current  and  Dirac  point  of  the  graphene. 

•  UV  ozone  (UVO)  irradiation  of  graphene-based  NV  (PZT)  memory  devices  leads  to  shifts  in 
the  charge  neutral  point  due  to  O  doping,  and  a  small  reduction  in  memory  window  as  a  result 
of  defect  formation. 

•  Results  of  X-ray  exposure  on  graphene  structures  which  have  no  passivation  can  be  strongly 
influenced  by  the  atmospheric  ambient  (moisture,  presence  of  oxygen,  nitrogen,  other 
contaminants,  etc).  This  has  become  a  major  consideration  in  subsequent  studies  and  projects 
where  passivation  should  be  used  to  be  more  representative  of  the  eventual  embodiment. 

•  Heavy-ion  measurements  resulted  in  transients  that  could  be  attributed  to  capacitive  coupling 
from  the  substrate  and  not  to  direct  effects  in  the  graphene  FET  layer. 

•  Charge  trapping  measured  at  or  near  the  graphene/BN  interface  due  to  x-ray  irradiation 
suggests  that  net  hole  trapping  occurs  in  the  BN  at  low  doses  and  net  electron  trapping  occurs 
at  higher  doses. 

•  First-principles  calculations  demonstrate  that  hydrogenated  substitutional  carbon  impurities  at 
B/N  sites  at  or  near  the  graphene/BN  interface  can  play  an  additional  role  in  the  radiation 
response  of  these  structures. 
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•  Electrical  stress  and  10-keV  x-ray  irradiation  and  annealing  responses  of  back-gate  M0S2 
transistors  demonstrated  relative  stability  for  constant-voltage  stress.  The  drain  current  was 
found  to  decreases  significantly  after  both  positive  and  negative  bias  irradiation.  DFT 
calculations  and  ozone  exposure  experiments  suggest  that  O  atoms  adsorbed  on  the  MoS 
surface  during  10-keV  x-ray  irradiation  function  as  electron  traps,  causing  mobility 
degradation  and  voltage  shifts. 
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Goal: 

The  goal  was  to  characterize  the  radiation  response  of  carbon-inclusive  materials  systems 
relevant  to  potential  emerging  technologies  through  the  application  of  experimental 
measurements  and  theoretical  calculations  in  order  to  advance  the  understanding  of  the  effects  of 
radiation  on  these  materials  and  test  device  structures.  The  project  did  accomplish  the  goal, 
delivering  specific  characterization  and  theoretical  results,  and  advanced  the  understanding  of  the 
impact  of  radiation  in  the  target  material  systems. 

Accomplishments: 

1)  Major  activities: 

Task  1)  The  grantee  shall  perform  the  design  of  experiments  including: 

-  Identification  of  test  structures 

-  Acquisition  or  fabrication 

-  Test  definition  (Radiation  exposure) 

Task  2)  The  grantee  shall  perform  testing  to  include: 

-  Radiation  testing.  May  be  multiple  types. 

-  Pre  and  post-rad  characterization 

Characterization  may  include  Raman,  TEM,  etc.),  electrical  (IV,  CV,  etc.)  and 
radiation  testing  (X-ray,  proton)  of  structures  from  Task  1. 

Task  3)  The  grantee  shall  interpret  results  including: 

Perfonn  data  analysis  and 

First-principles  modeling  to  include  theoretical  modeling  (DFT,  KMC)  to  interpret 
response  mechanisms 


2)  Specific  Objectives: 

1)  Study  structures  that  provide  unique  insight  for  materials  and  configurations  of  interest  for 
candidate  device  technologies.  Several  structures  were  studied  based  on  the  state  of  the 
technology  during  the  period  of  performance.  Tested  structures  leveraged  internal  capabilities,  or 
leveraged  multiple  new  collaborative  relationships  that  were  established  during  the  period  of  the 
project. 

2)  Pursue  experiments  and  analyses  to  delineate  of  the  impact  of  radiation  on  the  carbon  material 
from  that  on  the  surrounding  materials  and  process  integration.  Examples  include  use  of 
suspended  vs.  non-suspended  graphene,  graphene  on  silicon  dioxide  vs.  on  silicon  nitride  vs.  on 
boron  nitride. 

3)  Apply  theoretical  modeling  Density  Functional  Theory  and  Kinetic  Monte  Carlo  modeling  tot 
materials  and  structures  that  were  tested  in  order  to  elucidate  and  quantity  mechanisms 
associated  with  the  experimentally  observed  effects. 
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3)  Significant  Results 

The  detailed  results  of  this  program  have  been  reported  in  three  annual  review  presentations  and 
reports,  and  detailed  in  numerous  publications. 

Test  structures  have  included  graphene  on  silicon  dioxide,  graphene  on  silicon  nitride,  graphene 
on  boron  nitride,  suspended  graphene,  carbon  nanotubes  (CNTs)  on  silicon  dioxide,  and  2D 
molybdenum  disulfide  for  comparison.  Embodiments  included  simple  layered  structures  for 
materials  characterization,  and  nano  tube  diodes,  FET  and  PZT-memory  test  device  structures  for 
electrical  measurements. 

Key  scientific  findings  include: 

•  The  radiation  responses  of  devices  that  include  a  2D  active  layer  of  graphene  are  dominated 
by  the  response  of  the  thicker  adjacent  materials  and  substrate. 

•  Suspended  graphene  proved  very  resistance  to  x-ray  and  high-dose  proton  exposure. 

•  UV  and  X-ray  exposure  of  graphene  in  the  presence  of  oxygen  results  in  ozone-enhanced 
defects  fonnation  and  etching. 

•  Constant-voltage  stress  and  10-keV  x-ray  irradiation  responses  of  encapsulated  graphene-hBN 
devices  both  induce  only  modest  shifts  in  the  current  and  Dirac  point  of  the  graphene. 

•  UV  ozone  (UVO)  irradiation  of  graphene-based  NV  (PZT)  memory  devices  leads  to  shifts  in 
the  charge  neutral  point  due  to  O  doping,  and  a  small  reduction  in  memory  window  as  a  result 
of  defect  formation. 

•  Results  of  X-ray  exposure  on  graphene  structures  which  have  no  passivation  can  be  strongly 
influenced  by  the  atmospheric  ambient  (moisture,  presence  of  oxygen,  nitrogen,  other 
contaminants,  etc).  This  has  become  a  major  consideration  in  subsequent  studies  and  projects 
where  passivation  should  be  used  to  be  more  representative  of  the  eventual  embodiment. 

•  Heavy-ion  measurements  resulted  in  transients  that  could  be  attributed  to  capacitive  coupling 
from  the  substrate  and  not  to  direct  effects  in  the  graphene  FET  layer. 

•  Charge  trapping  measured  at  or  near  the  graphene/BN  interface  due  to  x-ray  irradiation 
suggests  that  net  hole  trapping  occurs  in  the  BN  at  low  doses  and  net  electron  trapping  occurs 
at  higher  doses. 

•  First-principles  calculations  demonstrate  that  hydrogenated  substitutional  carbon  impurities  at 
B/N  sites  at  or  near  the  graphene/BN  interface  can  play  an  additional  role  in  the  radiation 
response  of  these  structures. 

•  Electrical  stress  and  10-keV  x-ray  irradiation  and  annealing  responses  of  back-gateMoS 
transistors  demonstrated  relative  stability  for  constant-voltage  stress.  The  drain  current  was 
found  to  decreases  significantly  after  both  positive  and  negative  bias  irradiation.  DFT 
calculations  and  ozone  exposure  experiments  suggest  that  O  atoms  adsorbed  on  the  MoS 
surface  during  10-keV  x-ray  irradiation  function  as  electron  traps,  causing  mobility 
degradation  and  voltage  shifts. 
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4)  Key  Outcomes  and  Other  Achievements: 

The  program  resulted  in  38  publications  (including  9  since  the  last  annual  report)  and  31 
conference  presentations  as  listed  below.  In  addition,  the  program  initiated  new 
collaborations  between  Vanderbilt  and  the  University  of  Minnesota  (which  has  resulted  in  a 
new  funded  DTRA  C-WMD  project)  and  with  UCLA  and  an  associated  spin-off  small 
business  (Aneeve),  which  resulted  in  multiple  basic  research  proposals  and  multiple  funded 
SBIR  projects,  and  joint  publications.  The  program  also  initiated  collaboration  and  a  joint 
publication  between  Vanderbilt  and  the  University  of  Manchester  (England),  who  are  also 
supported  on  a  C-WMD  program.  The  project  facilitated  and  advanced  new  internal 
collaborative  research  relationship  among  different  schools  at  Vanderbilt,  specifically 
engineering  and  physics,  which  has  resulted  in  another  funded  DTRA  C-WMD  research 
program  to  combine  2D  materials  with  more  traditional  MEMs. 
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Training  and  Professional  Development 

Cher  Xuan  Zhang  completed  her  Ph.D.  degree  under  this  DTRA  program,  and  joined  Vanderbilt 
as  a  post-doc  to  continue  her  work  on  this  project.  As  a  post  doc,  she  has  also  contributed  to 
other  DTRA  C-WMD  programs  and  SBIR  projects. 

Jason  Greaving  completed  the  M.  S.  degree  in  Material  Science  under  this  DTRA  program. 

Everett  Comfort,  completed  Ph.D.,  CNSE,  U  at  Albany,  SUNY.  Presently,  he  is  a  front-end 
process  engineer  with  Intel. 

Professor  Dan  Fleetwood  (Vanderbilt)  taught:  EECE  304.  Radiation  Effects  and  Reliability  of 
Microelectronics.  Prof.  Dan  Fleetwood,  VU 

The  students,  post-docs,  and  professors  on  the  team  attended  numerous  international 
conferences,  which  not  only  supported  dissemination  of  project  results,  but  also  served  to 
advance  their  personal  profession  development. 

Dissemination  of  Results 


Dissemination  of  Results 

The  results  have  been  disseminated  to  communities  of  interest  through  the  numerous 
publications  and  presentations  as  listed  previously  in  this  report.  These  presentations  and 
publications  include  venues  beyond  the  typical  radiation  effects  community.  Results  have  also 
been  shared  directly  with  the  partners  who  provided  the  results,  providing  seed  information  to 
University  of  Minnesota  for  a  successful  proposal  and  recently  kicked-off  C-WMD  project  on 
2D  material/high-k  interfaces,  as  well  as  to  Aneeve  Nanotehnologies  to  SBIR  and  commercial 
development  efforts. 
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